
Abstract Rationale: A1 and A2A adenosine receptors are
co-localized with dopamine D1 and D2 receptors, respec-
tively, and their stimulation attenuates dopaminergic
functioning. Objective: To test whether adenosine antag-
onists with different selectivities for A1 and A2A recep-
tors mimic the discriminative-stimulus effects of dopa-
mine releaser methamphetamine. Methods: Effects of the
A1 antagonist DPCPX, the preferential A2A antagonist
DMPX and the non-selective adenosine antagonist
caffeine were evaluated in Sprague-Dawley rats trained
to discriminate 1.0 mg/kg, IP, methamphetamine from
saline under a fixed-ratio 10 schedule of food presentation.
Results: The A1 antagonist DPCPX (1.0–10.0 mg/kg)
failed to substitute for methamphetamine. However,
5.6 mg/kg DPCPX shifted the methamphetamine dose-
response curve to the left. The A2A antagonist DMPX
(1.8–18.0 mg/kg) produced about 70% methamphet-
amine-appropriate responding and the non-selective
antagonist caffeine (3.0–56.0 mg/kg) about 50% meth-
amphetamine-appropriate responding at the highest
tested doses. Both DMPX (5.6 mg/kg) and caffeine
(30.0 mg/kg) shifted the methamphetamine dose-response
curve to the left. Methamphetamine-like effects of
DMPX were blocked fully by the D2 antagonist spiper-
one (0.18 mg/kg) and partially by the D1 antagonist
SCH-23390 (0.018 mg/kg). Conclusions: Antagonism at
A2A adenosine receptors directly mimics the discrimina-
tive-stimulus effects of methamphetamine through the
interaction with dopamine receptors. Antagonism at A1
adenosine receptors potentiates effects of lower metham-

phetamine doses and thus plays a rather indirect, modu-
latory role.
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Introduction

Methamphetamine’s neurochemical actions appear to be
mediated by release of dopamine, norepinephrine and
serotonin from nerve terminals (e.g. Kuczenski et al.
1995). Although the involvement of adrenergic and sero-
tonergic systems in the discriminative-stimulus and other
behavioral actions of methamphetamine has been reported
(Sasaki et al. 1995; Munzar and Goldberg 1999; Munzar
et al. 1999a, 1999b, 2002), activation of dopamine neurons
by methamphetamine seems to play a more important
role in its discriminative-stimulus effects and appears
to represent a final common pathway responsible for
socalled modulatory effects of other neurotransmitter
systems (Munzar and Goldberg 2000). It has furthermore
been shown that both dopamine D1 and D2 receptor ago-
nists are able, at least partially, to mimic subjective
effects of methamphetamine under the drug discrimina-
tion paradigm (Tidey and Bergman 1998; Munzar and
Goldberg 2000).

The interaction between dopaminergic and adenosine
receptors has been extensively studied and an antagonistic
influence of endogenous adenosine on dopaminergic
functions has been demonstrated (Ferré et al. 1997). In
the brain, endogenous adenosine acts primarily by stimu-
lation of two adenosine receptors, A1 and A2A (e.g.
Fredholm et al. 2000; Klotz 2000). A1 adenosine receptors
and dopamine D1 receptors form functional heteromeric
complexes (Ginés et al. 2000) and stimulation of A1
adenosine receptors decreases both neurochemical and
behavioral effects of D1 receptor stimulation (e.g. Ferré
et al. 1994, 1999). Similarly, A2A adenosine receptors are
co-localized with D2 receptors and their stimulation
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counteracts effects of D2 receptor stimulation (Ferré et
al. 1991, 1997). This would predict that behavioral
effects of methamphetamine and of other psychomotor
stimulants with a similar mechanism of action are modu-
lated by compounds acting at both A1 and A2A adenosine
receptors.

Indeed, it has been demonstrated that both A1 and
A2A adenosine receptors play a role in the rewarding
effects of cocaine and that their activity is altered during
cocaine withdrawal (Manzoni et al. 1998; Kuzmin et al.
1999; Baldo et al. 1999; Fiorillo and Williams 2000;
Knapp et al. 2001). Adenosine A1 and A2A receptors
also play a role in amphetamine-induced locomotion
(Turgeon et al. 1996; Gasior et al. 2000) and stereotypy
(Poleszak and Malec 2000) and in expression of meth-
amphetamine-induced sensitization to locomotor activity
(Shimazoe et al. 2000) and in methamphetamine-induced
dopamine release in rat striatum (Golembiowska and
Zylewska 1998). The importance of adenosine in the
modulation of actions of amphetamine is supported
by recent findings of decreased behavioral effects of
amphetamine in mice lacking A2A adenosine receptors
(Chen et al. 2000), probably reflecting complex neuroad-
aptation processes in these transgenic animals. Finally,
the nonselective adenosine antagonist caffeine potentiates
the behavioral responses to amphetamine and cocaine in
rats responding for food under a fixed-interval schedule
of food reinforcement (Jaszyna et al. 1998). Caffeine
also has been found to potentiate the discriminative-
stimulus effects of amphetamine and cocaine and to
mimic partially their discriminative-stimulus effects up-
on substitution (Schechter 1977; Gauvin et al. 1990;
Young et al. 1998; reviewed by Garret and Griffiths
1997). However, the role of A1 and A2A adenosine recep-
tors in the discriminative-stimulus effects of either cocaine
or amphetamines is still unknown.

The aim of the present study was to assess the relative
role of A1 and A2A adenosine receptors in modulating
the discriminative-stimulus effects of methamphetamine
by testing several adenosine antagonists in rats discrimi-
nating methamphetamine from saline. Adenosine antago-
nists studied included DPCPX, an A1 adenosine antago-
nist (Lohse et al. 1987; Klotz 2000), DMPX, a preferential
A2A adenosine antagonist (Seale et al. 1988; Muller et al.
1997) and the nonselective adenosine antagonist caffeine
(Fredholm et al. 1999).

Materials and methods

Subjects

Sixteen male Sprague-Dawley rats (Charles River, Wilmington,
Mass., USA) experimentally naive at the start of the study and ini-
tially weighing 280–350 g were housed individually. Their body
weights were gradually reduced to approximately 80% of free
feeding by limiting daily access to food. Water was available ad
libitum. All rats were housed in a temperature- and humidity-
controlled room and were maintained on a 12-h light/dark cycle;
the lights were on from 6:45 a.m. to 6:45 p.m. Experiments were
conducted during the light phase.

Animals used in this study were maintained in facilities fully
accredited by the American Association for the Accreditation of
Laboratory Animal Care (AAALAC) and all experimentation was
conducted in accordance with the guidelines of the Institutional
Care and Use Committee of the Intramural Research Program,
National Institute on Drug Abuse, NIH, and the Guide for Care and
Use of Laboratory Animals (National Research Council 1996).

Apparatus

Twelve standard operant conditioning chambers (Coulbourn Instru-
ments, Lehigh Valley, Pa., USA) were used. Each chamber con-
tained two levers, separated by a recessed tray into which a pellet
dispenser could deliver 45 mg food pellets (F0021; Bioserv,
Frenchtown, N.J., USA). Each press of a lever with force of 0.4 N
through 1 mm was recorded as a response and was accompanied
by an audible click. The operant conditioning chambers were con-
trolled by microcomputers using the MED Associates MED-PC
software package (Med Associates Inc., East Fairfield, Vt., USA).

Drug-discrimination procedure

Rats were trained as described previously (Yasar et al. 1993;
Munzar and Goldberg 1999, 2000; Munzar et al. 1999a, 1999b) under
a discrete-trial schedule of food-pellet delivery to respond on one
lever after an injection of a training dose of 1.0 mg/kg metham-
phetamine and on the other lever after an injection of 1.0 ml/kg
saline vehicle. Injections of methamphetamine or saline were given
IP 15 min before the start of the session. At the start of the
session, a white house light was turned on and in its presence the
rats were required to make ten consecutive responses (fixed-ratio
10 schedule of food delivery; FR10) on the lever appropriate to the
pre-session treatment. The completion of ten consecutive responses
on the correct lever produced delivery of a 45 mg food pellet and
initiated a 45-s time-out during which lever-press responses had no
programmed consequences and the chamber was dark. Responses
on the incorrect lever had no programmed consequences other
than to reset the FR requirement on the correct lever. After each
time-out, the white house light was again turned on and the next
trial began. Each session ended after completion of 20 fixed-ratio
trials or after 30 min elapsed, whichever occurred first.

Discrimination-training sessions were conducted 5 days per
week under a double alternation schedule (i.e. DDSSDDSS etc.,
D=drug, methamphetamine; S=saline). Training continued until
there were eight consecutive sessions during which rats completed
at least 90% of their responses during the session on the correct
lever and no more than four responses occurred on the incorrect
lever during the first trial. Test sessions with other doses and other
drugs were then initiated.

During the test sessions, different doses of three adenosine
antagonists were administered either alone or together with different
methamphetamine doses or with dopaminergic antagonists. Test
sessions were identical to training sessions with the exception that
ten consecutive responses on either one of the two levers ended
the trial. Switching responding from one lever to the other lever
reset the ratio requirement. In a test phase, a single alternation
schedule was introduced and test sessions were usually conducted
on Tuesdays and Fridays. Thus, a 2-week sequence starting on
Monday was: DTSDTSTDST (T=test). In this way, test sessions
occurred with equal probability after saline and drug sessions. Test
sessions were conducted only if the criterion of 90% accuracy and
not more than four incorrect responses during the first trial was
maintained in the two preceding training sessions.

Drugs

S(+)-Methylamphetamine HCl (methamphetamine), 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX), 3,7-dimethyl-1-propargylxanthine
(DMPX; PD 116,948), caffeine, spiperone HCl and R(+)-SCH-
23390 HCl were purchased from RBI (Research Biochemicals
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International, Natick, Mass., USA). Doses of methamphetamine,
spiperone, and SCH-23390 refer to the weight of the salt whereas
doses of DPCPX, DMPX, and caffeine refer to the weight of the
drug. Methamphetamine, caffeine, spiperone and SCH-23390
were dissolved in 0.9% NaCl. DPCPX and DMPX were dissolved
in 3% polyoxyethylene sorbitan mono-oleate (Tween 80; Sigma,
St Louis, Mo., USA). All compounds were slightly heated and/or
sonicated as needed. Most drugs were injected in a volume of
1.0 ml/kg, the highest tested doses of caffeine (56.0 mg/kg),
DPCPX (10.0 mg/kg) and DMPX (10.0 and 18.0 mg/kg) were
injected in a volume of 2.0 ml/kg due to solubility constraints.
Methamphetamine, caffeine, DPCPX and DMPX were adminis-
tered IP. Spiperone and SCH-23390 were administered SC. Meth-
amphetamine and adenosine antagonists (caffeine, DPCPX, DMPX)
were injected 15 min before the session whereas spiperone and
SCH-23390 were injected 25 min before the session.

A range of doses of each drug was tested in the drug-discrimi-
nation study and dose was increased until there was either com-
plete generalization to the methamphetamine-training stimulus or
until the test drug produced a marked and significant decrease in
response rates. Effects of adenosine antagonists alone were usually
tested first. Effects of selected doses of each antagonist and of its
vehicle on the methamphetamine dose-response curve were then
established.

After that, effects of dopaminergic antagonists and of their
vehicles on the discriminative-stimulus effects of the training dose
of methamphetamine and on the generalization to the metham-
phetamine-training stimulus produced by selected doses of DMPX
and caffeine were evaluated. Only rats in which these selected
doses of caffeine and DMPX produced at least partial substitution
for the 1.0 mg/kg training dose of methamphetamine during initial
tests were included in this part of the study. Rats that showed no
generalization to the methamphetamine-training stimulus after
substitution of DMPX or caffeine were excluded from these tests,
since some level of generalization had to be present for antago-
nism studies to be meaningful. Two dopaminergic antagonists (D2
antagonist spiperone and D1 antagonist SCH 23390) were used
in this assay. We previously reported that both antagonists
dose dependently and completely antagonized methamphetamine’s
discriminative-stimulus effects (dose ranges tested were
0.003–0.056 mg/kg for SCH 23390 and 0.01–0.3 mg/kg for
spiperone; Munzar and Goldberg 2000). Doses of dopaminergic
antagonists (0.18 mg/kg spiperone and 0.018 mg/kg SCH-23390)
used in the present study were selected as the doses that produced
approximately equal, partial blockades of methamphetamine’s
discriminative-stimulus effects in our previous study (Munzar and
Goldberg 2000). Thus, the aim of the present study was to com-
pare relative D1 and D2 involvement in the effects of adenosine-
rgic antagonists and methamphetamine. Not all the compounds
were tested in all the subjects. Generally, DPCPX and DMPX
were tested in the same subjects whereas approximately half of the
subjects used for testing caffeine effects were not tested with two
other adenosine antagonists.

Data analysis

Discriminative-stimulus data were expressed as the percentage of
the total responses on both levers that were made on the metham-
phetamine-appropriate lever. Complete generalization to the meth-
amphetamine training dose was defined as 80% or more of
responses on the methamphetamine-appropriate lever, with no
generalization defined as 25% or less of responses on the metham-
phetamine-appropriate lever. Response-rate data were expressed
as responses per second averaged over the session, with responding
during time-out periods not included in calculations. The data
from sessions during which rats did not complete at least one
fixed-ratio were excluded from analysis of drug-lever selection.
All results are presented as group means (±SEM).

Statistical analysis in substitution tests and in tests analyzing
effects of dopaminergic antagonists on drug-lever selection
induced by adenosinergic antagonists was done by using one-way
ANOVA for repeated measures. Significant main effects were

analyzed further by subsequent paired comparisons with vehicle
control (responding after vehicle injections in substitution tests or
after vehicle pretreatment in antagonism tests) using post-hoc
Dunnett’s test. Shifts in the dose-response curves were statistically
evaluated by two-way ANOVA for repeated measures. In addition,
theoretically additive values of drug combinations were calculated
and compared with experimental values actually obtained in order
to find out whether drug combinations produced simple additive
or more than additive effects. Theoretically additive values were
individually calculated for each rat as described previously
(Munzar et al. 2002) by adding the effect of each pretreatment
drug when administered alone to the effects of each dose of meth-
amphetamine when administered together with the vehicle. Since
100% was the maximal achievable value, all sums greater than
100% were adjusted to this value. Changes were considered to be
significant when P<0.05. SigmaStat program (Jandel Scientific,
USA) was used.

Results

Rats started to discriminate methamphetamine from
saline reliably after approximately 30 days of training,
but reaching the final level of accuracy (eight consecutive
sessions with at least 90% of the responses on the correct
lever and no more than four incorrect responses during
the first trial) required 35–85 sessions of training. Rates
of responding during the training sessions were stable
across sessions during the study and were slightly lower
after methamphetamine than after saline pretreatment, as
in previous studies using the same 1.0 mg/kg training
dose of methamphetamine (Munzar and Goldberg 1999,
2000; Munzar et al. 1999a, 1999b).

Figure 1 shows stimulus-generalization results and
rates of responding obtained during sessions when meth-
amphetamine and three adenosine antagonists were tested
for their ability to substitute for the 1.0 mg/kg training
dose of methamphetamine. Figure 2 shows the effects of
a selected dose of each of three adenosine antagonists on
the methamphetamine dose-response curve. Figure 3
shows effects of the dopamine D2 antagonist spiperone
and the dopamine D1 antagonist SCH23390 on the
discriminative-stimulus effects of the 1.0 mg/kg training
dose of methamphetamine, 10.0 mg/kg dose of DMPX
and 30.0 mg/kg dose of caffeine. 

When methamphetamine dose was varied, there was a
dose-dependent generalization to the 1.0 mg/kg metham-
phetamine training stimulus [one-way ANOVA for
repeated measures; F(4,60)=45.596, P<0.001, Fig. 1]. In
contrast, the selective A1 adenosine antagonist DPCPX
failed to generalize significantly to the 1.0 mg/kg meth-
amphetamine training stimulus (Fig. 1) at any dose
tested (1.0–10.0 mg/kg). The 5.6 and 10.0 mg/kg doses
of DPCPX significantly attenuated rates of responding
[one-way ANOVA for repeated measures; F(5,55)=3.252,
P=0.012] and 10.0 mg/kg DPCPX produced a complete
blockade of responding in one of 12 rats. For this reason,
the lower 5.6 mg/kg dose of DPCPX was selected for
testing in combination with methamphetamine. This
dose of DPCPX (5.6 mg/kg) produced a shift to the left
of the methamphetamine dose-response curve (Fig. 2),
which was significant as revealed by two-way ANOVA



rates of responding [one-way ANOVA for repeated mea-
sures; F(5,45)=4.48, P=0.002]. Higher doses could not
be tested due to solubility constraints. When a dose of
5.6 mg/kg DMPX, which did not produce significant
generalization to the methamphetamine training stimulus
and did not significantly change response rates when
given alone, was administered with different doses of
methamphetamine there was a marked leftward and up-
ward shift in the methamphetamine dose-response curve
(Fig. 3), which was significant as revealed by two-way
ANOVA for repeated measures [F(1,14)=15.096,
P=0.006]. Although the effects of DMPX-methamphet-
amine combinations appeared to be more than additive
(see grey symbols in Fig. 3, middle panel), there was
no statistically significant difference between the curve
actually obtained and the calculated additive curve
[F(1,14)=2.306, P=0.173).

The non-selective adenosine antagonist caffeine pro-
duced a partial but statistically significant generalization
to the methamphetamine training stimulus at the doses
of 10.0–56.0 mg/kg (Fig. 1) with a maximum of about
50% methamphetamine-appropriate responding [one-way
ANOVA for repeated measures; F(4,26)=4.895,
P=0.004]. After 56.0 mg/kg caffeine, there was a sig-
nificant [one-way ANOVA for repeated measures;
F(4,28)=7.087, P<0.001] decrease in rates of responding
and two of eight subjects did not complete even a single
fixed-ratio. When a dose of 30.0 mg/kg caffeine, which
produced levels of methamphetamine-appropriate re-
sponding comparable to these produced by the 5.6 mg/kg
dose of DMPX, used in combination experiments (see
above), was coadministered with different doses of
methamphetamine, there was a marked upward shift in
the methamphetamine dose-response curve (Fig. 3). This
upward shift in the methamphetamine dose-response
curve was significant, as revealed by two-way ANOVA
for repeated measures [F(1,16)=28.138, P<0.001]. The
effect of caffeine-methamphetamine combinations were
more than additive, since there was a statistically signifi-
cant difference between the curve actually obtained and
the calculated additive curve [F(1,8)=7.724, P=0.024].
Rates of responding were, however, markedly reduced
by this combination of treatments.

Subsequently, effects of two dopaminergic antago-
nists and their vehicles on the discriminative-stimulus
effects of the 1.0 mg/kg training dose of methamphetamine
and of doses of 10.0 mg/kg DMPX and 30.0 mg/kg
caffeine, which partially generalized to the 1.0 mg/kg
methamphetamine training stimulus, were evaluated. A
dose of 0.18 mg/kg spiperone, a D2 dopamine antagonist,
partially but significantly attenuated methamphetamine’s
discriminative-stimulus effects when coadministered
with the training dose of methamphetamine (Fig. 3);
methamphetamine-appropriate responding decreased to
about 60% [one-way ANOVA for repeated measures;
F(1,6)=6.868, P=0.04], as reported previously (Munzar
and Goldberg 2000). When the same dose of spiperone
(0.18 mg/kg) was coadministered with 10.0 mg/kg
DMPX there was a marked reduction in methamphet-
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for repeated measures [F(1,22)=11.187, P=0.007]. The
effect of the DPCPX-methamphetamine combination
was clearly more than additive, since there was a statisti-
cally significant difference between curves actually
obtained and the calculated additive curves [F(1,11)=6.956,
P=0.023].

The preferential A2A adenosine antagonist, DMPX,
produced a partial but statistically significant generaliza-
tion to the methamphetamine training stimulus at doses
of 10.0 and 18.0 mg/kg [one-way ANOVA for repeated
measures; F(5,45)=11.983, P<0.001; Fig. 1]. The level
of methamphetamine-appropriate responding at the
10.0 mg/kg dose of DMPX was about 60%. Increasing
the dose of DMPX to 18.0 mg/kg only increased drug-
lever selection by about 10%, but it significantly decreased

Fig. 1 Effects of IP pretreatment with methamphetamine (dia-
monds), DPCPX (circles), DMPX (triangles) and caffeine (squares)
in rats trained to discriminate 1.0 mg/kg IP of methamphetamine
from saline. Data are means (±SEM) from 16 (methamphetamine),
12 (DPCPX), ten (DMPX) or eight (caffeine) rats. The percentage
of methamphetamine-appropriate responding is shown as a function
of dose during substitution test sessions (upper panel). Response
rates are expressed as responses per second (lower panel).
*P<0.05, **P<0.01, post-hoc comparison with the vehicle pre-
treatment after significant ANOVA for repeated measures main
effect, Dunnett’s test. Numbers in parentheses at higher doses
indicate the number of rats that completed at least one fixed-ratio
during the session relative to the total number of rats tested
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amine-appropriate responding from about 95% to about
25% drug-lever selection [one-way ANOVA for re-
peated measures: F(1,5)=35.576, P=0.002; Fig. 3]. Thus,
spiperone blocked generalization of DMPX to the meth-
amphetamine-training stimulus. Similarly, spiperone ap-
peared to attenuate the discriminative-stimulus effects of
30.0 mg/kg of caffeine, but this effect did not reach sig-
nificance (P>0.05). Coadministration of spiperone with
methamphetamine, DMPX or caffeine resulted in pro-
nounced decreases in rates of responding but all the
subjects completed at least three fixed-ratio trials (Fig. 3,
lower panels).

Like spiperone, a dose of 0.18 mg/kg SCH 23390
partially, but significantly, attenuated methamphetamine’s
discriminative-stimulus effects when coadministered
with the training dose of methamphetamine (Fig. 3);
methamphetamine-appropriate responding decreased to
about 60% [one-way ANOVA for repeated measures:

F(1,7)=15.228, P=0.006] with only modest decreases in
rates of responding, as reported previously (Munzar and
Goldberg 2000). SCH 23390 also partially, but signifi-
cantly, blocked methamphetamine-like responding in-
duced by DMPX 10.0 mg/kg [methamphetamine-appro-
priate responding decreased to about 32%; one-way
ANOVA for repeated measures: F(1,3)=11.145, P=0.044],
but this finding was compromised by the failure to emit
a single response in two of six rats tested (Fig. 3). When
SCH 23390 was coadministered with 30.0 mg/kg
caffeine, responding was completely eliminated in five
of nine subjects, which precluded evaluation of the
effects of this combination on drug-lever selection (data
not shown).

Discussion

In the present study, effects of three adenosinergic antag-
onists were investigated in rats trained to discriminate
injections of methamphetamine from injections of saline.
Even though DPCPX, a selective A1 adenosine antago-
nist, did not produce methamphetamine-like discrimina-
tive-stimulus effects upon substitution, it shifted the
methamphetamine dose-response curve to the left. This
would suggest that A1 receptors are not directly involved
in methamphetamine’s discriminative-stimulus actions
but their blockade can potentiate these actions of meth-
amphetamine. Thus, A1 receptors appear to play a rather

Fig. 2 Methamphetamine dose-response curves after IP pretreat-
ments with 1.0 ml/kg vehicle (open symbols), 5.6 mg/kg DPCPX
(filled circles), 5.6 mg/kg DMPX (filled triangles) and 30.0 mg/kg
caffeine (filled squares). Grey symbols connected with dotted lines
represent calculated curves, which show theoretical additive
effects of adenosinergic antagonists and methamphetamine. Data
are means (±SEM) from eight (DMPX), nine (caffeine) or 12
(DPCPX) rats. The percentage of methamphetamine-appropriate
responding is shown as a function of dose of methamphetamine
(upper panels). Response rates are expressed as responses per
second (lower panels)
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indirect, albeit important, modulatory role. In contrast to
the A1 antagonist DPCPX, the preferential A2A antago-
nist DMPX produced almost complete generalization to
the methamphetamine-training stimulus. This suggests
that A2A receptors play a more direct role in mediating
the discriminative-stimulus effects of methamphetamine

than A1 receptors. This finding is consistent with numer-
ous studies demonstrating a clearly stronger role of A2A
receptors than A1 receptors in the behavioral and neuro-
chemical effects of psychomotor stimulants. For example,
A2A agonists but not A1 agonists prevented development
of methamphetamine-induced sensitization to locomotor
stimulant effects (Shimazoe et al. 2000). Also, pretreat-
ment with an A2A agonist but not with an A1 agonist
attenuated c-fos induction in the caudate-putamen and
nucleus accumbens by amphetamine (Turgeon et al.
1996) and DMPX but not the A1 antagonist CPT
increased stereotypy induced by amphetamine (Poleszak
and Malec 2000). Furthermore, locomotor stimulating
effects of amphetamine were decreased in A2A receptor
deficient mice (Chen et al. 2000). Although A2A receptors
appear to play a more direct role than A1 receptors in the
motor effects of amphetamine, both receptors may play
an equal role in processes of neuroadaptation to long term
psychomotor stimulant exposure or during withdrawal
from psychomotor stimulants, where the role of both A2A
(Baldo et al. 1999) and A1 (Manzoni et al. 1998; Kuzmin
et al. 1999; Fiorillo and Williams 2000) receptors has
been demonstrated.

The discrepancy between the effects of A1 and A2A
antagonists resembles differences between D1 and D2
dopamine agonists under the same drug discrimination
paradigm. In most studies analyzing dopaminergic
involvement in the discriminative-stimulus effects of
methamphetamine or amphetamine (Munzar and Goldberg
2000; reviewed by Brauer et al. 1997), D2 agonists
produced complete generalization to an amphetamine
training stimulus, whereas D1 agonists produced only
partial generalization. Since A1 receptors are coupled to
D1 receptors (Ferré et al. 1994, 1999; Ginés et al. 2000),
the failure of DPCPX to generalize to the methamphet-
amine-training stimulus is not surprising.

Also, the partial generalization produced by DMPX
to the methamphetamine-training stimulus might be
explained by an antagonistic interaction of A2A and D2
receptors (Ferré et al. 1991, 1997), suggesting that
DMPX, as an A2A antagonist, removed negative adeno-
sinergic tonus from D2 receptors and thus mimicked the
effects of methamphetamine. This hypothesis is further
supported by the ability of the D2 antagonist spiperone to
block the effects of DMPX. The dose of spiperone used
also blocked the discriminative-stimulus effects of meth-
amphetamine itself, but to substantially smaller extent,
which is in line with a stronger D2 component in the
actions of DMPX. It has to be noted, however, that in the
DMPX-spiperone combination tests only rats in which
DMPX at least partially generalized to the methamphet-
amine-training stimulus during initial experiments were
used. It is possible that in this selected subgroup of rats
the D2-like effects of methamphetamine were more pro-
nounced.

The generalization produced by DMPX to the meth-
amphetamine-training stimulus was almost completely
blocked by SCH 23390, a D1 antagonist, although this
occurred at a dose, which disrupted the animals’ behavior.

Fig. 3 Effects of SC pretreatment with vehicle (left bars), 0.18 mg/kg
spiperone (middle bars) or with 0.018 mg/kg SCH 23390 (right
bars) on methamphetamine (1.0 mg/kg IP, left panels), DMPX
(10.0 mg/kg IP, middle panels), and caffeine (30.0 mg/kg IP, right
panels) substitution for methamphetamine. The percentage of
methamphetamine-appropriate responding is shown in the upper
panels. Response rates are expressed as responses per second
(lower panels). Data are means (±SEM) from seven or eight
(methamphetamine and caffeine) or six (DMPX) rats. The effects
of DMPX-spiperone, DMPX-SCH 23390 and caffeine-spiperone
combinations were tested in a subgroup of rats that showed at least
partial generalization to the methamphetamine-training stimulus
during initial tests with DMPX and caffeine. After caffeine-SCH
23390 combination, responding was completely eliminated in
most subjects, which precluded evaluation of drug-lever selection.
Numbers in parentheses indicate the number of rats completing at
least one fixed-ratio trial during the session relative to the total
number of rats tested. *P<0.05, **P<0.01, post-hoc comparison
with the vehicle pretreatment after significant ANOVA for repeated
measures main effect, Dunnett’s test



This finding was unexpected and might be explained by
two possible factors. First, although A2A and D1 recep-
tors are not colocalized in the same neurons, it has been
shown that blockade of A2A receptors potentiates the
effects of D1 agonists and counteracts the effects of D1
antagonists (Pinna et al. 1996; Hauber et al. 1998). These
A2A-D1 interactions can be explained by an interaction at
the circuit level (Ferré et al. 1997). Second, even though
DMPX appears to reverse selectively the effects of A2A
versus A1 receptor stimulation in vivo (Seale et al. 1988)
and has been widely used as an A2A antagonist in pharma-
cological studies, its in vitro selectivity is rather limited;
DMPX exhibits only 3- to 10-fold A2A selectivity
depending on the test systems that are being compared
(Muller et al. 1997). Thus, the effects of DMPX found in
the present study might be related to its ability to block
both A1 and A2A receptors at high doses (Seale et al.
1988). Future studies with more selective compounds
appear to be necessary once they become available.

Caffeine partially generalized to the methamphet-
amine training stimulus in the present study as in previ-
ous studies in amphetamine- and cocaine-trained animals
(Schechter 1977; Gauvin et al. 1990; Young et al. 1998;
reviewed by Garret and Griffiths 1997). However, caffeine
unlike DMPX produced generalization to methamphet-
amine only after doses which markedly decreased rates
of responding and was approximately three-times less
potent than DMPX, although both compounds are struc-
tural analogs of xanthine with only slight differences in
their molecular structure (Klotz 2000). These differences
between the effects of caffeine and DMPX probably
reflect a stronger A2A component of action with DMPX.
In contrast to substitution tests, the shift in the metham-
phetamine dose-response curve produced by caffeine
was comparable, if not greater, than the shift produced
by DMPX. It is probable that a stronger A1 component
of action with caffeine contributed to this discrepant
finding, in line with the observed potentiation of meth-
amphetamine’s effects by the A1 antagonist DPCPX.
Simultaneous blockade of both A1 and A2A receptors by
caffeine was likely responsible for the inability of the D2
antagonist spiperone to reverse its effects, even though
spiperone did block effects of the preferential A2A antag-
onist DMPX. It is also possible that non-adenosinergic
components of caffeine’s action, such as inhibition of
phosphodiesterases (reviewed by Garrett and Griffiths
1997 and by Fredholm et al. 1999), contributed to this
observation and to inability of caffeine to produce more
pronounced methamphetamine-like responding. In fact,
Powell et al. (1999) have recently reported that both D1
and D2 receptor antagonists can alter the discriminative
stimulus effects of caffeine in animals trained to discrim-
inate a low 10.0 mg/kg dose but not a high 56.0 mg/kg
dose of caffeine from its vehicle. This suggests that after
higher doses of caffeine non-dopaminergic mechanisms
are present as well. These authors also reported that
coadministration of caffeine with D1 antagonists produced
a significant disruption in lever pressing (Powell et al.
1999). This resembles the marked reduction in lever

pressing observed when SCH 23390 was coadministered
with DMPX and caffeine in the present study. The
reasons for this interaction are not clear and require
future studies.

In conclusion, the present findings confirm the role of
adenosine receptors in the discriminative-stimulus
effects of methamphetamine. The study further suggests
that A2A receptors play a direct role in mediating meth-
amphetamine’s discriminative-stimulus effects, whereas
A1 receptors play a rather indirect, albeit important mod-
ulatory role. Increasing availability of both antagonists
and agonists with more selective actions at different sub-
types of adenosinergic receptors than those utilized in
the present study (Muller et al. 1997; Klotz 2000) might
help to further resolve the mechanisms that underlie
adenosinergic involvement in the discriminative-stimulus
and other behavioral actions of methamphetamine.

References

Baldo BA, Koob GF, Markou A (1999) Role of adenosine A2
receptors in brain stimulation reward under baseline conditions
and during cocaine withdrawal in rats. J Neurosci 19:
11017–11026

Brauer LH, Goudie AJ, de Wit H (1997) Dopamine ligands and
the stimulus effects of amphetamine: animal models versus
human laboratory data. Psychopharmacology 130:2–13

Chen J, Beilstein M, Xu Y, Turner TJ, Moratalla R, Standaert DG,
Aloyo VJ, Fink JS, Schwazschild MA (2000) Selective attenu-
ation of psychostimulant-induced behavioral responses in mice
lacking A(2A) adenosine receptors. Neuroscience 97:195–204

Ferré S, von Euler G, Johansson B, Fredholm BB, Fuxe K (1991)
Stimulation of adenosine A2 receptors decreases the affinity of
dopamine D2 receptors in rat striatal membranes. Proc Natl
Acad Sci USA 88:7238–7241

Ferré S, Popoli P, Gimenez-Llort L, Finnman UB, Martinez E,
Scotti de Carolis A, Fuxe K (1994) Postsynaptic antagonistic
interaction between adenosine A1 and dopamine D1 receptors.
Neuroreport 6:73–76

Ferré S, Fredholm BB, Morelli M, Popoli P, Fuxe K (1997)
Adenosine-dopamine receptor-receptor interactions as an inte-
grative mechanims in the basal ganglia. Trends Neurosci 20:
482–487

Ferré S, Rimondine R, Popoli P, Reggio R, Pezzola A, Hansson
AC, Andersson A, Fuxe K (1999) Stimulation of adenosine A1
receptors attenuates dopamine D1 receptor-mediated increase
of NGFI-A, c-fos and jun-B mRNA levels in the dopamine-
denervated striatum and dopamine D1 receptor-mediated turning
behaviour. Eur J Neurosci 11:3884–3892

Fiorillo CD, Williams JT (2000) Selective inhibition by adenosine
of mGluR IPSPs in dopamine neurons after cocaine treatment.
J Neurophysiol 83:1307–1314

Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE (1999)
Actions of caffeine in the brain with special reference to
factors that contribute to its widespread use. Pharmacol Rev
51:83–133

Fredholm BB, Arslan G, Halldner L, Kull B, Schulte G, Wasserman
W (2000) Structure and function of adenosine receptors and
their genes. Naunyn-Schmiedeberg’s Arch Pharmacol 362:
364–374

Garrett BE, Griffiths RR (1997) The role of dopamine in the
behavioral effects of caffeine in animals and humans. Pharmacol
Biochem Behav 57:533–541

Gasior M, Jaszyna M, Peters J, Goldberg SR (2000) Changes in
the ambulatory activity and discriminative stimulus effects of
psychostimulant drugs in rats chronically exposed to caffeine:
effect of caffeine dose. J Pharmacol Exp Ther 295:1101–1111

354



Munzar P, Baumann MH, Shoaib M, Goldberg SR (1999a) Effects
of dopamine and serotonin-releasing agents on methamphet-
amine discrimination and self-administration in rats. Psycho-
pharmacology 141:287–296

Munzar P, Laufert MD, Kutkat SW, Novakova J, Goldberg SR
(1999b) Effects of various serotonin agonists, antagonists
and uptake inhibitors on the discriminative stimulus effects
of methamphetamine in rats. J Pharmacol Exp Ther 291:
239–250

Munzar P, Justinova Z, Kutkat SW, Goldberg SR (2002) Differential
involvement of 5-HT2A receptors in the discriminative-stimulus
effects of cocaine and methamphetamine. Eur J Pharmacol
436:75–82

Pinna A, DiChiara G, Wardas J, Morelli M (1996) Blockade of
A2A adenosine receptors positively modulates turning behaviour
and c-fos expression induced by D-1 agonists in dopamine-
denervated rats. Eur J Neurosci 8:1176–1181

Poleszak E, Malec D (2000) Influence of adenosine receptor
agonists and antagonists on amphetamine-induced stereotypy
in rats. Pol J Pharmacol 52:423–429

Powell KR, Koppelman LF, Holtzman SG (1999) Differential
involvement of dopamine in mediating the discriminative
stimulus effects of low and high doses of caffeine in rats.
Behav Pharmacol 10:707–716

Sasaki JE, Tatham TA, Barrett JE (1995) The discriminative
stimulus effects of methamphetamine in pigeons. Psycho-
pharmacology 120:303–310

Schechter MD (1977) Caffeine potentiation of amphetamine:
implication for hyperkinesis therapy. Pharmacol Biochem
Behav 6:359–361

Seale TW, Abla KA, Shamim MT, Carney JM, Daly JW (1988)
3,7-Dimethyl-1-propargylxanthine: a potent and selective in
vivo antagonist of adenosine analogs. Life Sci 43:1671–1684

Shimazoe T, Yoshimatsu A, Kawashimo A, Watanabe S (2000)
Roles of adenosine A(1) and A(2A) receptors in the expression
and development of methamphetamine-induced sensitization.
Eur J Pharmacol 388:249–254

Tidey JW, Bergman J (1998) Drug discrimination in methamphet-
amine-trained monkeys: agonist and antagonist effects of
dopaminergic drugs. J Pharmacol Exp Ther 285:1163–1174

Turgeon SM, Pollack AE, Schusheim L, Fink JS (1996) Effects of
selective adenosine A1 and A2a agonists on amphetamine-
induced locomotion and c-fos in striatum and nucleus accumbens.
Brain Res 707:75–80

Yasar S, Schindler CW, Thorndike EB, Szelenyi I, Goldberg SR
(1993) Evaluation of the stereoisomers of l-deprenyl for
amphetamine-like discriminative stimulus effects in rats.
J Pharmacol Exp Ther 265:1–6

Young R, Gabryszuk M, Glennon RA (1998) (-)Ephedrine and
caffeine mutually potentiate one another’s amphetamine-like
stimulus effects. Pharmacol Biochem Behav 61:169–173

355

Gauvin DV, Criado JR, Moore KR, Holloway FA (1990) Potentiation
of cocaine’s discriminative effects by caffeine: a time-effect
analysis. Pharmacol Biochem Behav 36:195–197

Ginés S, Hillion J, Torvinen M, Le Crom S, Casado V, Canela EI,
Rondin S, Lew JY, Watson S, Zoli M, Agnati LF, Verniera P,
Lluis C, Ferre S, Fuxe K, Franco R (2000) Dopamine D1 and
adenosine A1 receptors form functionally interacting heteromeric
complexes. Proc Natl Acad Sci USA 97:8606–8611

Golembiowska K, Zylewska A (1998) Agonists of A1 and A2A
adenosine receptors attenuate methamphetamine-induced
overflow of dopamine in rat striatum. Brain Res 806:202–209

Hauber W, Nagel J, Sauer R, Muller CE (1998) Motor effects
induced by a blockade of adenosine A2a receptors in the caudate-
putamen. Neuroreport 9:1803–1806

Jaszyna M, Gasior M, Shoaib M, Yasar S, Goldberg SR (1998)
Behavioral effects of nicotine under a fixed-interval schedule
of food reinforcement in rats chronically exposed to caffeine.
Psychopharmacology 140:257–271

Klotz K-N (2000) Adenosine receptors and their ligands. Naunyn-
Schmiedeberg’s Arch Pharmacol 362:382–391

Knapp CM, Foye MM, Cottam N, Ciraulo DA, Kornetsky C
(2001) Adenosine agonists CGS 21680 and NECA inhibit the
initiation of cocaine self-administration. Pharmacol Biochem
Behav 68:797–803

Kuczenski R, Segal DS, Cho AK, Melega W (1995) Hippocampus
norepinephrine, caudate dopamine and serotonin, and behavioral
responses to the stereoisomers of amphetamine and metham-
phetamine. J Neurosci 15:1308–1317

Kuzmin A, Johansson B, Zvartau EE, Fredholm BB (1999)
Caffeine, acting on adenosine A(1) receptors, prevents the
extinction of cocaine-seeking behavior in mice. J Pharmacol
Exp Ther 290:535–542

Lohse MJ, Klotz K-N, Lindenborn-Fotinos J, Reddington M,
Schwabe U, Olsson RA (1987) 8-Cyclopentyl-1,3-dipropyl-
xanthine (DPCPX) – a selective high affinity antagonist radio-
ligand for A1 adenosine receptors. Naunyn-Schmiedeberg’s
Arch Pharmacol 336:204–210

Manzoni O, Pujalte D, Williams J, Bockaert J (1998) Decreased
presynaptic sensitivity to adenosine after cocaine withdrawal.
J Neurosci 18:7996–8002

Muller CE, Geis U, Hipp J, Schobert U, Frobenius W, Pawlowski M,
Suzuki F, Sandoval-Ramirez J (1997) Synthesis and structure-
activity relationships of 3,7-dimethyl-1-propargylxanthine
derivatives, A2a-selective adenosine receptor antagonists.
J Med Chem 40:4396–4405

Munzar P, Goldberg SR (1999) Noradrenergic modulation of the
discriminative-stimulus effects of methamphetamine in rats.
Psychopharmacology 143:293–301

Munzar P, Goldberg SR (2000) Dopaminergic involvement in the
discriminative-stimulus effects of methamphetamine in rats.
Psychopharmacology 148:209–216


